We have demonstrated that the bound magnetic polaron model is responsible for ferromagnetism in Co-ZnO semiconductors, where the carriers are provided by the interstitial zinc (Zn i ). Our experiment is unique since by changing the temperature, we are able to cross the carrier concentration threshold above which a long-range ferromagnetic order is established. Consequently, the ferromagnetic order is observed at room temperature but is weakened at temperatures below 100 K. To support our conclusion we have performed a systematic investigation on the structural, magnetic and transport properties which all give consistent results in the context of our proposed two-region model, i.e. (a) a Zn i layer where carriers are sufficient to couple Co ions ferromagnetically and (b) a region with little carriers that remain in a paramagnetic state.
Introduction
Magnetic semiconductors (MS) are the focus of research due to their applications in the field of spintronics where both charge and spin properties of carriers are utilized. The search for MS was motivated by the possibility of incorporating spin into semiconductor electronics and the discovery of ferromagnetism (FM) at temperatures above 100 K in Ga 1−x Mn x As [1] [2] [3] . Among the wide variety of II-VI MS [4] [5] [6] [7] [8] , transition metal doped ZnO (TM : ZnO) [9] [10] [11] [12] [13] [14] [15] [16] [17] is a promising material with potential applications in spintronics and optoelectronics due to its low cost, wide bandgap semiconductor (3.37 eV) and optically transparent nature. 5 Authors to whom any correspondence should be addressed.
So far, many research groups have reported room temperature ferromagnetism (RTFM) in TM : ZnO (TM = Mn, Co, Fe) in the bulk [17] [18] [19] [20] , powder [20] [21] [22] and thin film samples [23] [24] [25] with contradictory results for apparently identical materials. In particular, the origin of FM is controversial. For example, the ferromagnetic ordering in Co-doped ZnO (Co-ZnO) was at first attributed to the double exchange interaction between Co ions [11] while later calculations have shown that RKKY interaction is responsible for the FM [26] . In addition, the possibility of Co metal or CoO clusters formation has led to a debate on whether the origin of FM is intrinsic or extrinsic [24, [27] [28] [29] . However, an interesting feature explored by Schwartz and Gamelin is the influence of interstitial zinc (Zn i ) on the magnetic properties of Co-ZnO films. In their study they demonstrated the first reversible ferromagnetic ordering in TM : ZnO through the incorporation and removal of the n-type defect, Zn i [30] . Kittilstved et al reported that p-type and n-type chemical perturbations manipulate high-T c FM in Mn-doped ZnO and Co-doped ZnO [14, 16] . These results clearly indicate the strong correlation between FM and defects in TM : ZnO. This correlation between point defects and FM supports the bound magnetic polaron (BMP) model, which was proposed by Coey et al [31] . In the BMP model, the magnetic exchange among magnetic impurities is mediated by carriers in a spinsplit impurity band derived from extended donor orbitals. Furthermore, Kittilsved et al have also shown that the FM in ZnO is essentially related to the electronic structure of the magnetic impurity [32] . Through spectroscopic analysis they have demonstrated strong dependence of FM in TM : ZnO on the dopant-donor/acceptor hybridization at the Fermi level, which can be enhanced by experimentally achieving the dopant-derived donor-or acceptor-type ionization states close to the band edge of MS.
Taking into account the key role of point defects such as oxygen vacancies and/or (Zn i ) [33, 34] in establishing the long-range ferromagnetic interaction in Co-ZnO, it is important to have an insight into how one can manipulate these point defects. So far, less attention has been paid to the effect of interstitial defects on FM of bulk Co-ZnO at low temperatures, which can alter the carrier concentration contributed by the defects. Therefore, we selected Co-ZnO to study the possibility of tailoring the ferromagnetic interaction by modifying its defect structure and carrier concentration. We chose a 5% Co concentration which is far below the theoretically predicted cation percolation limit for Co in ZnO [31] . It has been demonstrated that FM can be stabilized in Co-ZnO samples by introducing a donor concentration via the interstitial Zn, in a controlled way by post-annealing in the presence of Zn vapours. The importance of carrier concentration in establishing FM ordering has been discussed.
Experimental details
The bulk samples of Co-ZnO (Co = 5%) were prepared by a two-step method [17] . First, polycrystalline Co-ZnO samples were fabricated via the solid-state reaction by sintering a mixture of CoO and ZnO in air at 1050
• C for 12 h. Second, the Zn interstitials (Zn i ) into the as-prepared Co-ZnO were introduced by post-annealing (500
• C) in the presence of Zn vapours for various annealing durations. Table 1 shows the list of Co-ZnO samples with different Zn exposure durations. The thin films of Co-ZnO (Co = 5%) investigated in this work were grown on Si/SiO 2 substrates by reactive RF magnetron sputtering using the sputtering target with 5% Co doping which was also developed by the solid-state reaction. Prior to the film growth, the target was pre-sputtered under a base pressure of 2 × 10 −7 Torr for 10 min to remove any surface contamination. The film deposition was carried out at room temperature with an RF power of 80 W in 2.5 mTorr Ar pressure, which yielded a deposition rate of ∼13 nm min −1 . The total thickness of the films was ∼0.8 µm. The films were Zn treated in the same way as described above [17] . The structures were characterized by x-ray diffraction (XRD) with Cu K α radiation (λ = 1.5405 Å). The surface morphology and the thicknesses of the films were determined using scanning electron microscopy (SEM).
X-ray photoelectron spectroscopy (XPS) was performed on the samples using an SSI-M-probe equipped with an Al K α monochromatic x-ray source and an energy resolution of ∼0.1 eV. The base pressure in the XPS chamber was ∼1 × 10 −9 Torr prior to data collection. For charge neutralization, a 1 eV e-beam was used. The charge correction was done using the carbon 1s peak (binding energy = 284.6 eV) as the reference. A pass energy of 50 eV and an x-ray power of 100 W, respectively, were employed for the high resolution spectra. During the depth profile measurements, 3 keV accelerated Ar ions were utilized for etching the thin films with an etching rate of ∼2 nm min −1 . It is worth noting that with the incident radiation beam size of 1 mm 2 the escape depth of 5-6 nm of the photoelectrons makes the system capable of detecting 500 ppm Co in the sample.
The magnetic measurements were carried out in a superconducting quantum interference device (SQUID, Quantum Design) and a vibrating sample magnetometer (VSM, Lake Shore). To identify the type and concentration of carriers at different temperatures, we measured the resistivity and Hall effect using the Quantum Design Physical Properties Measurement System (PPMS). The resistivity of the samples was measured using a four-point method whereas a five-point method was used for measuring the Hall effect.
Results and discussion
XRD analyses indicate that all the samples with Co concentration below 7% are in single phase and have the wurtzite structure of ZnO. Figure 1 shows the XRD patterns for the bulk Co-ZnO with a 5% Co concentration for (a) the as-prepared samples and (b)-(e) the Zn-treated samples at various annealing durations. The typical XRD patterns for the as-prepared and Zn-treated Co-ZnO thin films are also shown in figure 1(f) and (g). These results confirm that, regardless of the nature of samples (bulk or thin films), there are no metallic Co (2θ = 44.37
• ) clusters or Co oxides detected. This shows that the Zn vapour treatment has no effect on the structural integrity of the Co-ZnO matrix.
XPS was used to investigate the oxidation state in both the as-prepared and Zn-treated samples. As shown in figure 2, all the samples have four peaks: the 2p 3/2 and 2p 1/2 doublet and the shake-up resonance transitions (satellite) of these peaks at higher binding energies.
The obtained binding energies for the Co 2p 3/2 and 2p 1/2 are 781.8 eV and 797.3 eV, respectively. These binding energies are very close to those reported for Co 2+ in Co-O bonding with the energy difference between Co 2p 3/2 and Co 2p 1/2 being 15.5 eV [35] [36] [37] . If Co were in the form of Co clusters this energy difference would have been 15.05 eV [37] [38] [39] [40] . Therefore, it is evident that there are no Co clusters present in the samples which could be detected in the XPS data.
It is important to mention here that the work of Kaspar et al [41] shows that the Zn vapour treatment reduces a significant fraction of the doped Co to the metallic state on the surface of the films and does not affect the charge state of the dopant in the interior of the film. Their results show that ∼30% of the Co in the top 20 nm of film was reduced to metallic Co, which gave rise to FM.
As shown in figure 3 we have etched out the Co-ZnO films samples with a 3 keV Ar ions beam to study the depth profiles. Interestingly, the results obtained are similar to those for the bulk Co-ZnO samples and all the spectra have again the peaks of Co 2+ , 2p 3/2 (781.8 eV) and 2p 1/2 (797.3 eV) separated by 15.5 ± 0.1 eV. In addition, there is no indication of the two peaks at 778 and 793 eV that correspond to metallic Co (Co 0 ). We, therefore, rule out the formation of Co metal clusters in our bulk and thin film samples.
The magnetization hysteresis (M-H ) loops at two temperatures (room temperature and 6 K) are shown in figure 4 for a bulk Co-ZnO as-prepared (CoZnO-B-As) and a 5 h Zntreated (CoZnO-B-5h) sample. The bulk as-prepared Co-ZnO sample shows no FM, which is consistent with the previously reported data [17, 30, 42, 43] . However, with the introduction of Zn i , the Zn-treated Co-ZnO samples become ferromagnetic. Magnetization hysteresis loops of all the Zn-treated samples at room temperature do not show any saturation, which suggest some paramagnetic (PM) contribution to the M-H data. The appearance of para or diamagnetic part in a ferromagnetic hysteresis loop is well known and is usually subtracted out to obtain the intrinsic FM parameters [44] . In order to quantify the magnetic parameters (e.g. ferromagnetic saturation magnetization M S FM , remanence M R FM and intrinsic coercivity H ci ), we used the following fitting function which consists of FM and PM parts [44] :
Here the first term is a ferromagnetic hysteresis curve and the second term is a linear component representing a paramagnetic contribution.
The experimental data with the fitted curve for the CoZnO-B-5h (Zn-treated) sample are shown in figure 5 . The simulated ferromagnetic and paramagnetic contributions are also plotted for comparison purposes.
A similar fitting procedure is followed to analyse the magnetization hysteresis data for all the Zn-treated samples. The extracted ferromagnetic saturation magnetization and intrinsic coercivity are summarized in table 1.
The table shows that Zn-treated (2 h-10 h) samples develop RTFM with intrinsic coercivity in the range 300-520 Oe. The saturated ferromagnetic moment calculated for 5% Co concentration is 1.4-3.1×10 −2 µ B /Co which is less than the expected value of 3µ B /Co for the high spin state of Co 2+ . We believe that the small magnetic moment is due to the fact that only a small fraction of cobalt ions are ferromagnetically coupled. These results are in agreement with other reports [12, 14, 16, 17, 23, 30, 35] .
In order to investigate the temperature dependence of FM in the Zn-treated Co-ZnO samples, we measured the M-H The decrease in the values of FM parameters and increase in the PM susceptibility at low temperatures (figure 6), unlike the reported data [12, 23, 30, 35] , shed light on the magnetic behaviour shown in figure 4 where the magnetization apparently increases at lower temperatures. That is, the apparent increase in magnetization is not due to the FM contribution but the PM. Similar results were observed in all the Zn-treated samples, i.e. the appearance of FM with Zn treatment at room temperature and a decrease in FM at low temperatures.
The study of electrical transport is important in understanding the magnetic behaviour of materials. Therefore, the transport properties of the as-prepared and Zn-treated samples were investigated by using the standard four-probe method. The as-prepared Co-ZnO (CoZnO-B-As) samples show insulating behaviour; however, upon annealing in Zn vapours, the same material turns into a semiconductor with a notable decrease in resistivity. Moreover, the Hall effect measurements reveal n-type carriers in the Zn-treated CoZnO samples. The obtained carrier density decreases with decreasing temperature. Figure 7 shows the carrier density versus temperature for a CoZnO-B-8h sample. The activation energy of about 23 ± 0.2 meV is obtained from the linear fit of the data to n e− (T ) = n o e (E B /k B T ) where n o is the carrier density at high temperatures. At this point it is important to mention that no signs of the anomalous Hall effect were observed for our samples.
A decrease in both the ferromagnetic contribution (figure 6) and carrier density in the Zn-treated samples at low temperatures shows a strong correlation between FM and the carriers (carrier-mediated FM).
In order to address the observed small magnetic moments (1.4-3.1 × 10 −2 µ B /Co), which was also observed in polycrystalline bulk and film samples by other groups [12, 14, 16, 17, 23, 30, 35] at room temperature, we take into account the volume fraction of the material which is ferromagnetically active. If we assume 3µ B /Co from Co 2+ it turns out that in the present case the fraction of volume containing ferromagnetically coupled Co ions is only ∼1%. Since the magnetism is mainly carrier-mediated, all the carriers are confined to this small fraction of volume as well. This is due to the small diffusivity of the interstitial Zn into the ZnO lattice.
The typical diffusion profile of interstitial Zn into polycrystalline ZnO has been observed to follow the errorfunction fit [45] , i.e. erf(x/2(Dt) 1/2 ), where D is the diffusion coefficient and t is the time duration for which the sample was annealed in the presence of Zn vapours. Using the diffusion coefficient D = 6.69 × 10 −15 cm 2 s −1 [46] , the estimated characteristic diffusion length is in the range 80-200 nm at 500
• C. If we take into account the diffusion process dominated by the grain boundaries, the maximum diffusion length is estimated to be 14 µm for 5 h exposure to Zn vapours. This is much smaller than the physical dimension of the bulk Co-ZnO samples, which suggests that the Zn vapour treatment does not homogeneously introduce Zn interstitials into the bulk of the samples and that the ferromagnetic contribution is coming only from a thin layer of Co-ZnO of about 14 µm. Thus the magnetic moment calculated from our experimental data for this thin layer turns out to be about 1.8µ B /Co, which is closer to the expected value. The modified values of ferromagnetic saturation moment for all the Zn-treated Co-ZnO samples are in the range 1.4-1.8µ B /Co, also shown in table 1.
In order to understand the role of the donor defects in establishing the FM in Co-ZnO, we refer to Coey et al's BMP model [31] . We formulate our samples as Co 0.05 Zn 0.95 O : Zn i δ , where δ is the concentration of the donor defects from Zn i by considering each interstitial as a donor defect site. The defect site and an electron associated with it then form a hydrogenic atom. The modified Bohr's radius for such a system can be written as r H = ε(m/m * )a 0 , where ε is the high-frequency dielectric constant, m and m * are, respectively, the mass and the effective mass of the electron and a 0 is the Bohr radius. In such a system, when the donor concentration δ increases, the 1s orbitals of the hydrogenic atoms start to overlap and as a result, an impurity band forms. This impurity band overlaps with the dopant states and this leads to ferromagnetic exchange coupling. The percolation phenomenon occurs when these BMPs roughly fill 16% of the space [31] , resulting in the longrange ferromagnetic order. Donor defect density required for the percolation limit can be estimated as δ p = n Zni /n o ≈ 4.3, where n o is the oxygen density which is ∼6 × 10 28 m −3 for the case of ZnO. Thus using ε = 4.0 and m/m * = 0.28 for ZnO, the critical carrier concentration for percolation of BMP in ZnO with a wurtzite structure is calculated to be n Zni ≈ 9 × 10 25 m −3 . This value is compared with the one obtained from the Hall effect measurements which is n e− = (8.9 ± 0.2) × 10 25 m −3 which is clearly in excellent agreement; moreover, the carriers' binding energy in the range of ∼23 meV, which agrees with the carrier binding energy of interstitial Zn in the ZnO system, [32] i.e. E b ≈ E n,3 = 30 meV. This illustrates that at room temperature, a thermal energy of 25 meV is enough to provide the required carrier's activation energy. It should be pointed out that in calculating the carrier's density the estimated characteristic diffusion depth of Zn i in ZnO under our experimental condition has been used as the thickness, instead of the sample total thickness. In addition, the spectroscopic analyses of Co [32] show that it forms shallow donor states in the band-gap of the host ZnO (0.27 eV). Thus the energetically aligned levels lead to spin alignment between sub-band-gap states of magnetic impurity (Co) and defects (Zn i ) which results in the FM ordering in Zn-treated Co-ZnO. However, at lower temperatures due to the lack of enough activation energy which excites electrons associated with Zn i to form a shallow donor level the FM coupling weakens significantly which is discussed in detail in the following paragraphs.
In an attempt to explain the temperature dependence of FM in the Zn-treated Co-ZnO bulk samples, we have to consider the theoretical discussion of the BMPs by Kaminski and Das Sarma [47] which takes into account the temperature effects. Their discussion of the BMPs shows that the FM in MS depends on several parameters, e.g. BMP's radius (R p ), the magnetic impurity correlation distance (r correlation ) and the critical percolation distance between impurities required for the polaron overlap (r percolation ). We calculated these parameters, using experimentally obtained carrier density, for the 5% Co-doped ZnO. The values for R p , r correlation T (K) Figure 8 . The calculated values of the BMP radii (R p ), magnetic impurity correlation distance (r correlation ) and critical percolation distance between impurities required for the polaron overlap (r percolation ) for 5% Co-doped ZnO [47] .
and r percolation as a function of temperature are shown in figure 8 which increase with decreasing temperature with a comparatively rapid increase in r percolation . It can be seen here that below 100 K, both R p and r correlation are smaller than r percolation . This shows that due to an increase in R p more Co spins might be coupled due to a possible short range overlap of the polarons. However, the critical percolation distance required for the overlap of polarons (r percolation ) is still not reached which prevents the percolation of the BMPs and hence the long-range FM ordering. This could explain the observed decrease in FM contribution around 60 K (figure 6). Another interesting phenomenon which can contribute to the FM of the sample is the nanoscale spinodal decomposition [48] [49] [50] which can occur in Co-doped ZnO. Such a decomposition can also lead to the antiferromagnetic Co-rich 'Co-ZnO' nanocrystals in a paramagnetic matrix of Co-ZnO [51] . According to the spinodal decomposition model, the uncompensated spins at the surface of the nanocrystal can give rise to FM, which can be detected when the magnetization is measured below both the Néel temperature and the blocking temperature of the nanocrystals. Moreover, when the blocking temperature of the nanocrystals is near the room temperature the contribution from spinodally decomposed phase could be pronounced.
However, the observed room temperature FM in the Zntreated samples and the absence of FM in the as-prepared insulating samples reported here illustrate that this behaviour cannot be explained by the spinodal decomposition picture because (a) there is a strong correlation observed between the carriers and FM, (b) we have not observed the Néel temperature as high as room temperature and (c) the superparamagnetic features were also not observed in our as-prepared or Zntreated samples [17] .
To further support the idea of the proposed two-region model in the case of the bulk samples discussed earlier, we exposed 0.8 µm thick Co-ZnO films to Zn vapour at 500 • C. Since the film thickness is comparable to the Zn diffusion length, we expect a more homogeneous Zn i distribution in this case and a much higher carrier concentration. Figure 9 shows the M-H loops for the thin film samples. The room temperature ferromagnetic M-H loops show a magnetic moment value of 0.6µ B /Co for the 10 h Zn-treated film, which is much higher than the observed magnetic moment for the bulk samples (shown in table 1). Clearly, the FM ordering persists at low temperatures similar to the reported results from other groups [30] .
Finally, we checked the reversibility of FM in the Zntreated bulk sample by annealing the sample in air to convert the Zn i to ZnO. Figure 10 shows that the Zn treatment introduces a donor defect (Zn i ) and changes the as-prepared PM insulating sample to a FM semiconductor whereas air annealing removes these defects and reverses the FM state to the PM (and insulating) state, similar to the as-prepared sample. Thus the removal of the Zn i (defects), which results in the disappearance of FM, once again shows that the BMP model could explain the FM in these samples.
Summary
In summary, we have studied Co-ZnO samples in the form of bulk and thin films with a wurtzite structure. The XRD and XPS studies reveal a single phase material. It has been demonstrated that the BMP model is responsible for the FM in Co-ZnO semiconductors, where the carriers are provided by the interstitial Zn i . The results shown are unique because it has been shown that by changing the temperature, one crosses the carrier concentration threshold, above which a longrange ferromagnetic order is established. Consequently, the ferromagnetic order is observed at room temperature but is also observed to decrease at temperatures below 100 K. We have performed systematic investigations on the structure, magnetic and transport properties, which give consistent results in the context of our proposed two-region model, i.e. (a) the Zn i region/layer where carriers are sufficient to couple Co ions ferromagnetically and (b) the region with a small number of carriers that remains in the paramagnetic state.
